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The gas-phase stabilities of Fe()3
2 complexes, where  represents the 1,10-phenanthroline,
5-chloro-1,10-phenanthroline, 5-methyl-1,10-phenanthroline, 3,4,7,8-tetramethyl-1,10-phenan-
throline, and 4,7-diphenyl-1,10-phenanthroline ligands were investigated by collision-induced
dissociation (CID) in the capillary-first skimmer region upon changing the voltage difference
between the capillary and the skimmer. The loss of only one ligand from the Fe()3
2
complexes was observed with each of the phenanthroline ligands studied. An increase in the
voltage difference between the capillary and the skimmer resulted in a higher fragmentation
yield as calculated from the intensity of the precursor and the fragment ion. The fragmentation
yield versus capillary-skimmer voltage difference plots were evaluated by means of the
Arrhenius and the Rice-Ramsperger-Kassel (RRK) model by fitting the model parameters to
the experimental data. Both models yielded practically the same results. In addition, if the
internal energy gained through the capillary-skimmer region is estimated correctly, the
approximate value of the critical energy (activation energy) for fragmentation can be extracted
from the fragmentation yield versus capillary-skimmer voltage difference plots. It was found
that the gas-phase stabilities of the Fe()3
2 complexes are nearly identical except for the more
stable Fe(II)-4,7-diphenyl-1,10-phenanthroline complex. The critical energy for fragmentation
was estimated to be 1.2 and 0.9 eV for the Fe(II)- 4,7-diphenyl-1,10-phenanthroline, and the
other complexes, respectively. (J Am Soc Mass Spectrom 2006, 17, 962–966) © 2006 American
Society for Mass SpectrometryComparison of the stabilities of the metal-contain-ing complexes in the gas-phase to those in thesolution phase may provide a deeper insight
into the processes affecting the complex formation. The
electrospray ionization (ESI) technique [1] combined
with tandem mass spectrometry offers a unique way for
the investigation of the metal-containing complexes by
generating gas-phase ions from solutions under the
influence of a constant electric field [2–8]. The gas-
phase ions formed in such a way are then mass ana-
lyzed and/or mass-selected, followed by collision with
the collision gas molecules (CID) in the collision cell or
surface (SID) to induce fragmentation and, thus, struc-
tural information and bond dissociation energies for the
analyte ions can be obtained. Several methods have
been applied for determination of relative gas-phase
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doi:10.1016/j.jasms.2006.02.014stabilities and critical energy for fragmentation includ-
ing threshold dissociation voltage [6], critical slope
method [7], sigmoid-type evaluation [9], as well as a
highly sophisticated computer program based on the
Rice-Ramsperger-Kassel-Marcus (RRKM) approxima-
tion is also available [10].
In the most commercial ESI-MS instruments with no
MS/MS capabilities, fragmentation can only be en-
hanced upon increasing the potential difference be-
tween the orifice (capillary) and the skimmer. The ions
entering from the atmospheric pressure region into the
first stage of the vacuum system are accelerated by the
orifice-skimmer potential difference, meanwhile several
low and/or high-energy collisions occur between the
ions and the background gas molecules. Due to the
collisions and the accompanied kinetic to internal ener-
gy-transfer, the ion internal energy increases as it passes
through the orifice-skimmer region thereby increasing
the possibility of fragmentation. The increase in the
internal energy gained form multiple collisions in this
region is proportional to the orifice-skimmer voltage
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to the ions can be controlled [11, 12].
In this article, we report the determination of the
gas-phase stabilities of five 1,10-phenanthroline deriv-
atives complexed with Fe2 ions [Fe()3
2] using colli-
sion-induced dissociation (CID) in the capillary-first
skimmer region of a single ESI-MS instrument. Phenan-
throline ligands were selected for this study because
they are among the most utilized chelating agents in
coordination chemistry forming stable complexes with
Fe2 ions in solution [13–17]. In addition, gas-phase
stabilities of the Fe()3





throline, and 4,7-diphenyl-1,10-phenanthroline (batho-
phenanthroline), FeSO4 7H2O, and ethanol were received
from Aldrich (Seelze, Germany). The stock solutions of
Fe(II)-phenanthroline complexes were prepared at a con-
centration of 103 M in water (the Fe(II)-bathophenanth-
roline complex was prepared in ethanol) with 1:3 M ratio
[Fe(II)/ligand].
Electrospray Ionization Time-of-Flight
Mass Spectrometry (ESI-TOF MS)
ESI-TOF MS measurements were performed with a
BioTOF II instrument (Bruker Daltonics, Billerica, MA).
The concentration of the Fe(II)-phenanthroline com-
plexes was 10 M. The solutions were introduced
directly into the ESI source with a syringe pump
(Cole-Parmer Ins. Comp., Vermont Hills, IL) at a flow
rate of 2 L/min. The temperature of the drying gas
(N2) was maintained at 100 °C. The voltages applied on
the capillary entrance, and the second skimmer were
4500 V and 30 V, respectively. The voltage on the first
skimmer was kept at 40 V, while the voltage on the
capillary exit was varied from 45 to 220 V. To induce
fragmentation of the Fe(II)-complexes the voltage on the
capillary exit was increased gradually while keeping
the first skimmer voltage constant. The spectra at dif-
ferent capillary-skimmer differences were accumulated
and recorded by a digitizer at a sampling rate of 2 GHz.
Parameter Estimation
For fitting the parameters of the Arrhenius and RRK
models to the experimental fragmentation curves, a
home-made computer program written in Turbo Pascal
using the Gauss-Newton-Marquardt procedure was
employed [18].Results and Discussion
The solutions of the 1,10-phenanthroline ligands ()
complexed with Fe2 ions as Fe()3
2 were directly
injected into the ESI source at varying capillary-skim-
mer potential differences.
Upon increasing the potential difference, fragmenta-
tion of Fe()3
2 to Fe()2
2 becomes more pronounced. It
should be noted that the loss of only one ligand from
the Fe()3
2 tris-complexes was observed in each case.
The fragmentation yields () were calculated according
to eq 1.
 IB ⁄ IT IB (1)
where IT and IB represent the intensities of the tris-
(precursor) and bis-complex, respectively.
The fragmentation yields are plotted as a function of
the potential difference between the capillary and the
skimmer and these plots are shown in Figure 1, which
indicates that each Fe()3
2 complex produces a sig-
moid-like fragmentation curve. Non-neglible decays
were observed even at low capillary-skimmer voltage
differences (Vc-s). On the other hand, it is also evident
from Figure 1 that decays at low Vc-s decrease in the
order of Phen  5-Cl-Phen 5-Me-Phen 3,4,7,8-Me-
Phen 4,7-Ph-Phen. In the case of 4,7-Ph-Phen practi-
cally no fragmentation occurs at low Vc-s. The observed
decays at low Vc-s can be attributed to the fragmentation
of the Fe()3
2 complex before entering into the capil-
lary-skimmer region and/or dissociation in the RF-only
hexapole after the skimmer. We do believe that the
former assumption is more probable than the latter,
Figure 1. Fragmentation yield () versus Vc-s plots for the
Fe()3
2 complexes. The solid lines represent the fitted curves with
eq 7.since in the hexapole collisional cooling, rather than
nd th
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To describe the fragmentation curves of the Fe()3
2
complexes within the framework of unimolecular dis-
sociation, let the rate constant of unimolecular dissoci-
ation be ko and the time taken for the ions to travel this
region before expansion into the capillary end-skimmer
region be o, then the number of the undissociated ions
can be expressed by eq 2.
PPOe
koo (2)
where Po is the initial number of the undissociated ions
and P is the number of the undissociated ions at time o.
In the capillary-skimmer region the ions gain addi-
tional internal energy due to the collision with the
background gas molecules, and the average unimolecu-
lar rate constant for this region is taken to be k. The
number of undissociated ions reaching the detector
within the time  is given by eq 3.
PPOe
kook (3)
The fraction of the dissociated Fe()3
2 complex, i.e.,
the fragmentation yield is then expressed by eq 4.
 1 expkoo k (4)
It is supposed that the internal energy acquired
before the capillary-skimmer region is Eint,o, and an
additional Eint internal energy is accumulated within
this region. The initial effective temperature before
entering the capillary-skimmer region and within the
region is approximated by eq 5.
Eint, o sRTo and EintEint, o sRTeff (5)
where s is the degree of freedom (DOF) and R being the
gas constant, To and Teff are the “effective tempera-
tures”.
Using eq 5 for ko and k the Arrhenius equation is
read as:
koAexpsEa ⁄ Eint, o and
kAexpsEa ⁄ Eint, oEint (6)
Assuming that EintEint,o and substituting eq 6 into
eq 4 the fragmentation yield according to the Arrhenius
Table 1. The values of the fitted parameters of the Arrhenius an
Arrhenius
a b
Phen 5.21102 (3.62103) 167.3 (16.4)
5-Cl-Phen 3.75102 (2.7103) 147.9 (10.4)
5-Me-Phen 2.62102 (2.4103) 250.8 (18.6)
3,4,7,8-Me-Phen 1.36102 (3.2103) 467.3 (55.1)
4,7-Ph-Phen 2.74103* (4.3103)* 1630 (240)
*The value of a can be regarded practically zero due to its low value aequation (ARR) is given by eq 7.ARREint 1 expAoexpsEa ⁄ Eint, o
AexpsEa ⁄ Eint (7)
Supposing that the internal energy gained in this
region is proportional to the applied potential differ-
ence, i.e., Eint  Vc-s, where  is the proportionality
constant, the following working function can be con-
structed:
ARRVcs 1 expa bexps c ⁄ Vcs (8)
where a, b, and c are constants: a Aoexp(sEa/Eint,o),
b  A and c  Ea/.
In the case of RRK approximation, ko and k is
expressed by eq 9:
koA1Eo ⁄ Eint, oS1 and
kA1Eo ⁄ Eint, oEints1 (9)
where Eo stands for the critical energy for fragmenta-
tion.
Similarly, by substituting eq 9 into eq 4 and assum-
ing that Eint  Eint,o, the fragmentation yield according
to the RRK model (RRK) can be given with eq 10.
RRKEint 1 expAo1Eo ⁄ Eint, os1
A1Eo ⁄ Eints1 (10)
and the working function is expressed by eq 11.
RRKVcs 1 expa b1 c ⁄ Vcss1 (11)
where a  Ao(1-Eo/Eint,o)
s-1, b  A, and c  Eo/.
The parameters a, b, and c of eq 8 and eq 11 were
estimated by fitting these equations to the experimental
 values. Examples of such fits are shown in Figure 1
and the fitted values of a, b, and c for the Arrhenius and
the RRK models are summarized in Table 1.
As it turns out from Figure 1, the calculated curves fit
well to the experimental data. Also, the values of a, b,
and c are practically the same for both the Arrhenius
and the RRK model. The reason for this similarity is that
the Arrhenius approximation can be regarded as a
particular case of the RRK model as outlined in the
Appendix.
To determine the value of Eo, the value of  should
K model. (The calculated errors are shown in parenthesis)
RRK
c a b c
(0.04) 5.23102 (3.7103) 155.9 (15.2) 2.09 (0.04)
(0.03) 3.8102 (2.87103) 138.2 (9.7) 2.04 (0.03)
(0.03) 2.65102 (2.5103) 233.3 (17.4) 2.11 (0.03)
(0.04) 1.37102 (3.2103) 437.3 (51.5) 2.03 (0.04)
(0.05) 2.97103* (4.2103)* 1510 (216) 2.73 (0.05)
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expansion into a vacuum [11]. These equations were
applied to our ESI interface using the relevant geomet-
rical dimensions of this source provided by the manu-
facturer. Briefly, in these calculations the internal en-
ergy of the complex ion was considered as the sum of
energy transferred from all individual collision events
between the capillary and the skimmer. The variations
in the gas number density and the mean free path in the
capillary-skimmer were taken into account and the total
number of collisions of the complex ion with the
background gas molecules in this region was calculated
using a spreadsheet software. In these calculations we
considered partially inelastic collisions and the kinetic
energy transferred to internal energy of the ion in an
individual collision event (	Eint) was taken as:
ECMmg ⁄ mimgEkin (12)
	Eint 
ECM (13)
where mi and mg are the mass of the ion and the
background gas, Ekin is the kinetic energy of the ion
before collision, and 
 is the fraction of center of mass
energy (ECM) transferred.
The increase in the kinetic energy of the ion (	Ekin)
between two collisions is:
	Ekin q (14)
where q, , and  are the charge of the ion, the electric
field between the capillary and the skimmer and the
mean free path, respectively.

















Figure 2. Calculated internal energy for the ferroin (Fe(phen)3
2)
complex as a function of Vc-s assuming partially inelastic collisions
(
  0.5) with the background gas.transfer:	ElossECM2mi
mg ⁄ mimg (15)
Using eqs 12–15 together with the equations for the
free-jet expansion [11], the internal energy input as a
function of the capillary-skimmer voltage differences
was calculated. The collision cross-sections were esti-
mated using the corresponding bond distances (calcu-
lated with the Chemoffice software) and were assumed
to be constant through the capillary-skimmer region.
The cross-sections used in the calculations were 1.4 
1014, 1.6  1014, 1.8  1014, 1.9  1014, and 2.6 
1014 cm2 for the Phen, 5-Cl-Phen, 5-Me-Phen, 3,4,7,8-
Me-Phen, and 4,7-Ph-Phen Fe()3
2 complexes, respec-
tively. The internal energy input versus Vc-s plot for the
ferroin complex assuming partially inelastic collision
with 
  0.5 is shown in Figure 2.
Figure 2 shows a linear relationship between Eint and
Vc-s with a slope of   0.44 eV/V. Interestingly,
practically the same value of  was obtained for the
other Fe()3
2 complexes. The reason for this is that
with increasing mass of the complex ion the fraction of
the kinetic energy converted to internal energy de-
creases. On the other hand, the cross-section also in-
creases with the mass of the complex ion giving rise to
an increase in the number of collisions. Since the total
internal energy input is the product of the collision
number and the fraction of kinetic energy converted to
internal energy, these two effects cancel each other
resulting in practically the same Eint-Vc-s plot (with the
same slope, i.e., ). Using the data of Table 1, row 3
(values of parameter c) and considering that the value
of  is approximately the same for all of the Fe()3
2
complexes (within 3%), the relative gas-phase stabilities
of these complexes are in the following order: 4,7-Ph-
Phen  Phen  5-Cl-Phen  5-Me-Phen  3,4,7,8-Me-
Phen. The gas-phase stabilities of the Fe()3
2 com-
plexes are consistent with those in the solution phase
except with that of the Fe(4,7-Ph-Phen)3
2 complex (Ta-
ble 2).
The reason for this may be that the electron-donating
effect of the phenyl groups in solvent-free environment
is more expressed in the gas phase than in solution
giving rise to higher stability of the complex in the
gas-phase. In addition, the activation energy (critical
energy) for fragmentation can be estimated using the
data of Table 1 row 3 (values of parameter c) and the
value of . With these data, one can calculate approxi-









2 2 3*3 is the stability constant, i.e., 3  [Fe()3 ]/([Fe ][] ).
**Determined in ethanol.
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0.9 eV for the Fe(II)- 4,7-diphenyl-1,10-phenanthroline,
and the other complexes, respectively. Although the
determined critical energies can be regarded as semi-
quantitative and their values greatly depend on the
correct estimation of the fraction of the kinetic to
internal energy conversion (
), the relative gas-phase
stabilities can be easily deduced.
Conclusions
In this article, we presented the determination of rela-
tive gas-phase stabilities of five phenanthroline deriva-
tives complexed with Fe2 ions. The sigmoid-like frag-
mentation yield versus capillary voltage differences
plots were evaluated using the Arrhenius equation and
the RRK model by considering a simple unimolecular
kinetics for the dissociation occurring in the capillary-
skimmer region of a single ESI-MS instrument. It was
found that the Arrhenius and RRK model yielded the
same results. The relative gas-phase stabilities of these
complexes were in good agreement with those in the
solution phase. Although the determined critical ener-
gies can be regarded as semi-quantitative, and their
values are greatly dependent on the correct estimation
of the fraction of the kinetic to internal energy conver-
sion (
), the relative gas-phase stabilities can be easily
deduced from the method presented in this paper.
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Appendix
Using the RRK model, i.e., k  A1  EOEint
s1
and
rearranging it to yield k  A1  1s1EOs1Eint 
s1
.At sufficiently large values of s it holds thatlim1  1s1
s1
 e1, i.e., k 
A1  EOEint
s1
 Aexp  EOs1Eint 
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